Antibiotic application in plant agriculture is primarily used to control fire blight caused by Erwinia amylovora in pome fruit orchards. In order to facilitate environmental impact assessment for antibiotic applications, we developed and validated culture-independent quantitative real-time PCR multiplex assays for streptomycin (strA, strB, aadA and insertion sequence IS1133) and tetracycline (tetB, tetM and tetW) resistance elements in plant and soil samples. The qPCR were reproducible and consistent whether the DNA was extracted directly from bacteria, plant and soil samples inoculated with bacteria or soil samples prior to and after manure slurry treatment. The genes most frequently identified in soils pre-and post-slurry treatment were strB, aadA, tetB and tetM. All genes tested were detected in soils pre-slurry treatment, and a decrease in relative concentrations of tetB and the streptomycin resistance genes was observed in samples taken post-slurry treatment. These multiplex qPCR assays offer a cost-effective, reliable method for simultaneous quantification of antibiotic resistance genes in complex, environmental sample matrices.
Introduction
Antibiotic resistance studies have primarily focused on human and animal pathogen systems and been limited to culturable bacteria. The use of antibiotics in agriculture, for example as growth promoters in food-producing animals and in veterinary medicine has been proposed as a factor contributing to increased resistance in human pathogens (Goldman, 2004; Gould, 1999; Rezzonico et al., 2009; van den Bogaard and Stobberingh, 2000; Wegener, 2003; Witte, 1998) . The extent to which agricultural environments contribute as potential reservoirs of antibiotic resistance genes is poorly understood. Approaches that evaluate culturable bacteria for presence of resistance phenotypes and qualitatively determine carriage of specific resistance genes by PCR are limited and in general deal with establishing the qualitative shifts of resistance determinants in response to selection pressures caused by agricultural applications.
Opinions differ on the influence of sub-inhibitory antibiotic concentrations in agriculture on selection and spread of antibiotic resistance in the environment (Commission on Antimicrobial Feed Additives, 1997; General Accounting Office, 1999 ; National Research council Institute of Medicine, 1998; van den Bogaard and Stobberingh, 1999; World Health Organization, 1997) . These differences are due in large part to a dirth of quantitative data on the emergence, spread and selection of antibiotic resistance in the environment. Development of quantitative methods to measure the influence of antibiotic use on the selection and spread of relevant antibiotic resistance determinants will facilitate acquisition of such critical data, and will thereby further efforts to design strategies that minimise potential for antibiotic resistance reservoir increase in exposed environments.
The most efficient method of detecting resistance in an environment with non-culturable bacteria is by specific detection of genes of interest from DNA extracted from the environmental sample. PCR is limited to determining if the gene is present or absent in the sample. In order to continuously monitor the effects of antibiotic use on the environmental bacteria and compare different sampling sites (e.g. soil with waste water treatment plants and water), the relative quantities of these resistance genes must be detected. Quantitative real-time PCR (qPCR) can be used to compare the levels of resistance genes present in an environment over time and in comparison to other environments. Thus, this technique offers a tool for delivering quantitative answers to questions concerning antibiotic effects on the development and spread of antibiotic resistance in the environment, and also concerning the potential role of environmental ecosystems as a reservoir for antibiotic resistance genes. The delta-delta Ct qPCR method compares relative changes or fluctuations in gene concentration (Livak and Schmittgen, 2001 ). This method was originally designed for the relative quantification of RNA in gene expression studies using housekeeping genes as endogenous controls. The relative quantification method has been adapted for the relative quantification of DNA and genes by utilising an endogenous control, which normalises the total quantity of bacterial DNA in the samples. Based on the Ct values this normalised data is compared to a positive control (Relative Quantity (RQ) value of 1). The RQ comparison results in a number, which indicates the quantity of the gene present relative to the quantity of positive control gene, which is set at 1. The relative concentration of antibiotic resistance gene per sample can then be compared using a normalised data set. This facilitates comparison of different samples from different sample sites or different sample matrices.
We undertook a study to develop multiplex TaqMan® qPCR assays for the detection of the transferable streptomycin resistance genes strA (aph3), strB (aph6), aadA (ant3″) and the insertion sequence associated with the str genes; IS1133 and the tetracycline resistance genes tetB, tetM and tetW. These genes were chosen as streptomycin is used in the prophylactic treatment of apple and pear orchards in certain European countries against fire blight and tetracycline is the second line of defense antibiotic against this bacterial disease and is frequently used in food-animal production (Emborg et al., 2007; Mayerhofer et al., 2009) . In order to normalise the data the 16S rRNA gene was chosen. This gene has been previously used as the endogenous control gene in qPCR experiments (Hardwick et al., 2008; Zhang et al., 2000) . As the genomes of all bacteria have not as yet been sequenced the exact number of copies of 16S rRNA genes per cell is currently unknown. Therefore, this may influence the quantities of genes detected. However, a compromise must be reached until the genomes of all non-culturable bacteria are sequenced.
Materials and methods

DNA and bacteria
Plasmid DNA containing the antibiotic resistance genes was extracted from the positive control isolates described in Table 1 using the Illustra™ Plasmid Prep Mini Spin Kit (GE Healthcare, Glattbrugg, Switzerland). Plasmid DNA was confirmed as positive for the respective genes by PCR amplification using the primers described for qPCR in Table 2 . All PCR were performed with HotStar Taq polymerase (Qiagen AG, Basel, Switzerland) and an annealing temperature of 50°C.
Microbial community samples and DNA extraction
The biological samples were collected from apple orchards and the DNA was extracted within 48 h of sampling. The samples were stored at 4°C during the 48 h. Total soil DNA was extracted from eight pooled soil samples from the same orchard row using the MoBio™ Power Soil® DNA isolation kit (Süd-Laborbedarf GmbH, Gauting, Germany) according to the manufacturer instructions. Leaf, flower and apple fruit samples were washed in groups of eight samples per sample site in phosphate buffer solution and sonicated for 2 min in a sonicating water bath. DNA was extracted from the washes using the Qiagen DNeasy 96 Plant kit (Qiagen AG, Basel, Switzerland). The presence of DNA and absence of PCR inhibitors in all DNA extractions were confirmed by PCR of the 16S rRNA genes. The DNA concentrations were measured using a Nanodrop spectrophotometer (Fischer Scientific AG, Wohlen, Switzerland).
Design and optimisation of qPCR
Primers and TaqMan® probes used were adapted from prior studies or designed using Applied Biosystems Primer Express software (Applied Biosystems, Rotkreuz, Switzerland) ( Table 2 ). All qPCR assays were performed on a 7500 Fast Real Time PCR system (Applied Biosystems, Rotkreuz, Switzerland). Each reaction contained 1× TaqMan® Environmental Mastermix 2.0 (Applied Biosystems, Rotkreuz, Switzerland), 450-1800 nM of each primer and 100-400 nM of each probe initially to determine the optimum concentrations of primer and probe. Template DNA was added at final concentrations ranging from 10 fg to 5 ng for the optimisation and validation reactions. All qPCR were performed under the following conditions: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. ROX was the internal reference dye. In order to determine the viability of the DNA extraction methods flower, leaf and soil samples were spiked with the positive control bacteria at concentrations in the range of 10 7 -10 9 CFU/mL. The DNA was extracted and the qPCR performed as described for the samples. Aliquots of 5 ng extracted DNA were used as DNA templates in the multiplex reactions.
Optimisation process and determination of multiplex assay combinations
The qPCRs were initially performed with varying concentrations of primers and probes from 100 to 1800 nM for the primers and from 100 to 400 nM for the probes in singleplex reactions with the DNA from the positive controls at concentrations from 1 to 5 ng. The primer and probe sets were tested at the optimum primer and probe concentrations using control DNA to develop the multiplex combinations as described in Table 3 . The multiplex assays were evaluated with spiked sample DNA to ensure that they were not inhibited by the sample DNA or qPCR inhibitors. Spiked sample DNA consisted of a 50:50 mixture of positive control DNA with DNA extracted from flower, leaf or soil to a final concentration of 1-5 ng. Each multiplex included an internal control 16S rRNA primer and probe set for relative quantification of the target genes in samples.
Relative quantification was performed using the delta-delta Ct method (Livak and Schmittgen, 2001 ). The relative quantity (RQ) of the genes was calculated using the comparative Ct program in the Applied Biosystems software. The relative quantity of antibiotic resistance gene present in the positive control samples was automatically set to one by the Applied Biosystems 7500 software. All of the samples were then compared to the quantity of antibiotic resistance gene in the positive control. When the antibiotic resistance gene was not detected in the sample no RQ value was calculated. The function of the endogenous control was to normalise the quantity of DNA in each of the samples (Hardwick et al., 2008) , thus ensuring that the RQs of the target antibiotic resistance genes were not biased by differences in the quantity of bacteria or DNA present in the samples. Standard curve generation and delta-delta Ct values were calculated using Applied Biosystems software package. The percentage efficiency and the coefficient of determination (R 2 ) of the reactions were determined from these serial dilutions. Efficiency (E) was calculated using the equation: E = 10 (− 1/slope) × 100 and automatically generated using the Applied Biosystems 7500 Real-Time PCR software package. Detection limits, specificity and sensitivity for each singleplex and multiplex assay were determined. The qPCR singleplex and multiplex assays were validated by performing standard curve analysis on serial dilutions of positive control DNA at known concentrations and samples spiked with known concentrations of positive control DNA. The detection limit of each qPCR assay was determined from the serial dilutions of positive control DNA and spiked samples.
The four multiplexes were tested using DNA from soil samples. Eight soil samples were collected from farmland prior to and after fertilisation using pig manure and a soil sample from an apple orchard, which had never been exposed to pig manure. The DNA was extracted as described for the biological samples. Each sample was tested using the multiplexes described in Tables 2 and 3 . The mastermix and DNA were pipetted in 96-well plates using an Eppendorf epMotion 5075 automatic pipetting system (VaudauxEppendorf AG, Basel, Switzerland). All reactions included 16S rRNA as an endogenous control and positive control DNA samples were used as reference samples.
Specificity and sensitivity of the qPCR assays
The assays utilised TaqMan® probes that were designed to bind specifically to the amplified region of each of the genes of interest. The cross-reactivity of primer and probe DNA sequences were checked using BLASTn to ensure that there was no potential cross reactivity with other genes or DNA sequences. The primer and probe sequences were chosen to ensure that they adhered to the guidelines described by Applied Biosystems [except for 16S rRNA gene as described by Nadkarni et al. (2002)].
Determination of relative quantification values
The Ct values for the 16S and tetB genes from the positive control DNA were 18.5 and 16.7, respectively. The delta-delta Ct for the positive control was always 0, as this is the positive control. The RQ (2 −deltadeltaCt ) for the positive control (2 0 ) was 1. A sample had Ct values for the 16S and tetB genes of 19.4 and 25.3, respectively. The delta-delta Ct was 7.7. The RQ (2 −deltadeltaCt ) was 0.005.
Results
Determination and statistical analysis
Samples were considered positive when qPCR Ct values for amplification exceeded thresholds prior to 35 cycles. False positives for the internal control 16S rRNA gene due to bacterial DNA contamination in the commercially supplied reagents had Ct values greater than 35 (Nadkarni et al., 2002) .
Primer and probe concentration optimisation
Each primer and probe set concentration was optimised with the positive control DNA in a singleplex reaction. The optimum concentrations for all primers were 450 nM with 100 nM for the corresponding probe. The Ct values for 100 pg of positive control DNA ranged from 19 to 29 for the antibiotic resistance genes (Table 4) .
Specificity, sensitivity and standard curves
The presence of DNA and absence of PCR inhibitors in all DNA extractions were confirmed by PCR of the 16S rRNA genes. The results of these PCRs indicated that no PCR inhibitors we present. The sensitivity of the qPCR reactions were determined by the limit of detection of each assay (i.e., singleplexes, multiplexes and spiked samples with multiplexes). The limits of detection for the singleplexes ranged from 10 fg to 1 pg of positive control DNA as described in Table 4 . In the multiplexes the limit of detection of the primers and probes was all within 10-fold DNA concentration of the singleplex limit of detection.
In order to study the matrix influence on the results, the Ct values of each assay containing positive control only DNA templates or spiked samples, at 100 pg DNA concentrations were compared as described in Table 4 . When the positive control reactions of singleplexes and multiplexes were compared the Ct values of the antibiotic resistance genes varied by less than 1.5 Ct, except for tetM which had an increase of 4 Ct values from singleplex to multiplex. Therefore, the multiplex containing tetM required a longer cycling time than the singleplex or the other multiplexes. This may be due to the lower efficiency of the tetM primers and probe than the other primers and probes.
Standard curves were generated from the singleplex and multiplex assays by serial dilutions of the DNA templates. The percentage efficiency and the coefficient of determination (R 2 ) of the reactions were determined from these serial dilutions (Table 4 ). The % efficiency ranged from 87% to 109% for the singleplexes and 87-111% for the multiplexes. The % efficiency of the 16S primer and probe in the singleplex was 109%, and in the multiplex 91-92%.
Validation of qPCR assays in environmental samples
The limits of detection of the multiplexes when the spiked samples were used as the template DNA had no variation between sample types. They were also identical to the limits of detection of the multiplexes tested with positive control DNA only, except strB which had a 10-fold higher DNA concentration limit of detection of 10 pg. As the DNA extracted from the samples contained additional genomic Apple flower, apple leaf and soil samples were spiked with 10 7 -10 9 CFU/mL of the positive control bacteria. Aliquots of 5 ng of extracted DNA were used as DNA template in the multiplexes. The strA, strB, IS1133, aadA, tetB, tetM and tetW genes were all detected in the DNA extracted from the bacteria spiked samples.
The Ct values for the samples are described in Table 5 . The standard curves of the singleplex and multiplex reactions using the positive control DNA or the spiked samples were similar. The relative quantification of each gene in the DNA extracted from farmland soils are described in Table 6 . The quantity of DNA per sample was automatically normalised using the 16S rRNA gene to remove anomalies caused by variations in the DNA concentrations of the different soils. The function of the endogenous control was to normalise the quantity of DNA in each of the samples, thus ensuring that the RQs of the target antibiotic resistance genes were not biased by the difference in the quantity of bacteria or DNA present in the samples. The 16S rRNA gene was detected in all samples.
The genes that were identified most frequently in the soil samples prior to fertilisation were strB, aadA, tetB and tetM. All eight sample sites contained higher levels of tetM than the positive control (Table 6 ). Both tetB and strB were present in seven out of eight sampled sites. The genes that were only present in one or two sample sites were IS1133, strA and tetW. Therefore, all genes were detected in at least one soil sample. In the same soil sample sites after fertilisation with pig manure there was an overall decrease in the number of resistance genes detected. However, tetM and strB were the most frequently identified resistance genes and tetM also contained high RQ levels in five sample sites. The presence of tetW was maintained in two sample sites and was detected in two additional sample sites after fertilisation. In the orchard soil IS1133, strA, strB, tetM and tetW were detected. All were present at low levels in comparison to the other two soils.
Discussion
Streptomycin and oxytetracycline are the primary first and second line control treatments for fire blight, caused by the enterobacterial phytopathogen Erwinia amylovora, during the bloom period of apple and pear (McManus et al., 2002) . The tetracycline class of antibiotics are also frequently used for growth promotion in the cattle and swine industry (U.S. Department of Agriculture, 1996 Agriculture, , 2000 . While phenotypic testing of resistance to these antibiotics is possible it is restricted only to the detection of resistance in culturable bacteria. PCR detection can merely detect the presence of antibiotic resistance genes, whereas qPCR can quantify the fluctuations in the presence of antibiotic resistance genes over time or in the comparison of different sample sites.
Most previous studies investigating antibiotic resistance mechanisms in the environment have focused on the PCR detection of resistance genes (Binh et al., 2008 (Binh et al., , 2009 Heuer and Smalla, 2007; Nikolakopoulou et al., 2005; van Overbeek et al., 2002) . Singleplex qPCR using SYBR green detection has previously been used to detect certain antibiotic resistance genes in environmental samples, most frequently identified in water or waste water samples (Volkmann et al., 2004 (Volkmann et al., , 2007 Borjesson et al., 2009; Knapp et al., 2008; Koike et al., 2007; Pruden et al., 2006; Smith et al., 2004) . The SYBR Green RT-PCR chemistry may generate false positive results as it binds to any double-stranded DNA, and as such can also bind to non-specific double-stranded DNA sequences. The TaqMan® probe based RT-PCR requires specific hybridization between probe and target to generate a fluorescent signal and therefore does not generate false positives by non-specific binding. In order to make TaqMan® qPCR cost effective it is imperative to maximise the number of genes that can be quantified with the least amount of reagents and thus the lowest costs. The Taqman® multiplex qPCR developed in this study provides the simultaneous detection and relative quantification of antibiotic resistance genes, thereby reducing the costs associated with Taqman® assays, and enables the relative quantification of antibiotic resistance genes in complex matrices. This is a great improvement over the current techniques of PCR or Sybr Green RT-PCR as it is extremely specific to the target gene and may be used to quantify the presence of antibiotic resistance genes in DNA extracted from different sample sites and types. This is of importance when studying the continuous effects of antibiotics or other selective factors on the emergence or increase in the presence of antibiotic resistance genes in nature.
This study describes the development and validation of highly sensitive and specific multiplex qPCR assays for the relative quantification of streptomycin and tetracycline resistance in flower, leaf and soil samples. The results illustrated the reproducibility of the assays in environmental samples and the reproducibility between DNA extractions from the different environmental matrices of flower, leaf and soil. These multiplex qPCR assays enable the simultaneous detection and relative quantification of multiple resistance genes from the environment. Previous studies have quantified the presence of antibiotic resistance genes using qPCR but only in singleplex assays. Our assays can be used to analyse the increasing or decreasing quantities of streptomycin and tetracycline resistance genes in the environment. Thus, we will be able to reliably determine whether the use of these antibiotics in agriculture increases abundance of these genes in the environment. The development process of these assays can also be used as a template for the development of other qPCR tools for the detection of other antibiotic resistance genes in environmental samples. Due to the presence of the 16S rRNA gene endogenous control it is possible to compare quantification results from different sample sites and different sample matrices. The assays were performed in 96-well format and therefore could easily be automated using robotics. This facilitates rapid quantification of resistance genes in large numbers of samples simultaneously. The qPCR assays developed in this study can be implemented for the comparison of the levels of these resistance genes in the environment and provide a template and guideline of how to develop further qPCR assays for the relative quantification of antibiotic resistance genes in the environment.
The detection of all resistance genes in at least one soil sample demonstrates that the multiplex qPCR reactions are capable of quantifying all resistance genes in environmental samples. There was an overall reduction in the quantities of streptomycin resistance genes and tetB detected in the soils after the application of manure. However, the quantities of tetM and tetW were maintained or increased. Both tetM and tetW mediate resistance by ribosomal protection, whereas tetB confers resistance by efflux. The alterations in antibiotic resistance gene concentrations could be due to the addition of bacteria or additional resistance genes contained in the manure, which out-compete the natural soil bacteria when manure is added. Most studies on the detection of tetracycline resistance genes have focused on wastewater treatment plants, water or manure (Borjesson et al., 2009; Hölzel et al., 2010; Wu et al., 2010) . These studies have detected the presence of tetracycline resistance genes, rather than identifying the influence of anthropologic effects on the increase or decrease of tetracycline resistance genes. There have been few studies investigating the presence of streptomycin resistance genes in soil samples treated with manure (Binh et al., 2009 ). This study indicated that streptomycin resistance gene aadA was introduced by fertilisation with manure. The results of our study disagree with these findings and show the importance of both quantifying the genes present and comparing the soil before and after manure was added.
